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MITIGATING BUSY TIME IN A HIGH
PERFORMANCE CACHE

FIELD OF THE INVENTION

The present invention generally relates to microprocessors,
and more particularly relates to high performance caches.

BACKGROUND OF THE INVENTION

An 1mmportant aspect of system performance for large sym-
metric multiprocessing systems with a shared store 1n cache
design 1s the ability to process stores from lower level caches
in an expedient manner. In cache systems utilizing a shared
pipeline structure, stores are processed by sequentially
accessing the shared pipeline to access the cache arrays.
Some conventional systems utilized SRAM arrays for the
cache, which had a busy time of up to 2 cycles. In a system
with a shared sequential pipeline, stores could therefore be
processed every 2 cycles.

Other conventional systems introduced the usage of
embedded dynamic random access memory (EDRAM)
arrays for the cache. EDRAM has an advantage of being
much denser, thus allowing for larger caches, but also a draw-
back of having a longer array busy time, e.g., up to 4 cycles.
This longer busy time significantly reduces the store through-
put ol the shared pipeline, which ultimately negatively
impacts system performance.

SUMMARY OF THE INVENTION

In one embodiment, a method for mitigating busy time in a
hierarchical store-through memory cache structure 1s dis-
closed. The method comprises dividing a cache directory
associated with a memory cache 1nto a plurality of portions
cach associated with a portion memory cache. Simultaneous
cache lookup operations and cache write operations between
the plurality of portions of the cache directory are supported.
Two or more store commands are simultaneously processed
in a shared cache pipeline communicatively coupled to the
plurality of portions of the cache directory based on the sup-
porting.

In another embodiment, an information processing device
for mitigating busy time in a hierarchical store-through
memory cache structure 1s disclosed. The mformation pro-
cessing device comprises a plurality of processing cores and
at least one memory cache that 1s communicatively coupled to
the plurality of processing cores. At least one cache controller
1s communicatively coupled to the at least one memory cache
and the plurality of processing cores. The at least one cache
controller 1s configured to perform a method. The method
comprises dividing a cache directory associated with a
memory cache into a plurality of portions each associated
with a portion memory cache. Simultaneous cache lookup
operations and cache write operations between the plurality
ol portions of the cache directory are supported. Two or more
store commands are simultaneously processed 1n a shared
cache pipeline communicatively coupled to the plurality of
portions of the cache directory based on the supporting.

In yet another embodiment, a tangible computer program
product for mitigating busy time i1n a hierarchical store-
through memory cache structure 1s disclosed. The non-tran-
sitory computer program product comprises a storage
medium readable by a processing circuit and storing mnstruc-
tions for execution by the processing circuit for performing a
method. The method comprises dividing a cache directory
associated with a memory cache 1nto a plurality of portions
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cach associated with a portion memory cache. Simultaneous
cache lookup operations and cache write operations between
the plurality of portions of the cache directory are supported.
Two or more store commands are simultaneously processed
in a shared cache pipeline communicatively coupled to the
plurality of portions of the cache directory based on the sup-
porting.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying figures where like reference numerals
refer to identical or functionally similar elements throughout
the separate views, and which together with the detailed
description below are incorporated in and form part of the
specification, serve to further 1llustrate various embodiments
and to explain various principles and advantages all 1n accor-
dance with the present invention, 1n which:

FIG. 1 1s a block diagram illustrating one example of a
computing system according to one embodiment of the
present invention;

FIG. 2 1s a block diagram illustrating one example of a
computing node within the computing system of FIG. 1
according to one embodiment of the present invention;

FIG. 3 1s a block diagram illustrating one example of a
processing chip within the node of FIG. 1 according to one
embodiment of the present invention;

FIG. 4 1s a block diagram illustrating one example of a
cache interleave structure according to one embodiment of
the present invention;

FIG. 5 1s a block diagram illustrating one example of a
cache array structure according to one embodiment of the
present invention;

FIG. 6 1s a block diagram illustrating one example of a
cache controller that simultaneously process store commands
in a hierarchical cache according to one embodiment of the
present invention;

FIG. 7 1s a block diagram illustrating a detailed view of
store address subpipe selection logic within the cache con-
troller of FIG. 6 according to one embodiment of the present
invention; and

FIG. 8 1s an operational flow diagram illustrating one
example of a process for simultaneously processing store
commands in a hierarchical cache according to one embodi-
ment of the present invention.

DETAILED DESCRIPTION

As required, detailed embodiments of the present invention
are disclosed herein; however, 1t 1s to be understood that the
disclosed embodiments are merely exemplary of the mven-
tion, which can be embodied 1n various forms. Therefore,
specific structural and functional details disclosed herein are
not to be mterpreted as limiting, but merely as a basis for the
claims and as a representative basis for teaching one skilled 1in
the art to variously employ the present invention 1n virtually
any appropriately detailed structure. Further, the terms and
phrases used herein are not intended to be limiting; but rather,
to provide an understandable description of the invention.

The terms “a” or “an”, as used herein, are defined as one as
or more than one. The term plurality, as used herein, 1s defined
as two as or more than two. Plural and singular terms are the
same unless expressly stated otherwise. The term another, as
used herein, 1s defined as at least a second or more. The terms
including and/or having, as used herein, are defined as com-
prising (1.e., open language). The term coupled, as used
herein, 1s defined as connected, although not necessarily
directly, and not necessarily mechanically. The terms pro-
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gram, soitware application, and the like as used herein, are
defined as a sequence of 1nstructions designed for execution
on a computer system. A program, computer program, Or
soltware application may include a subroutine, a function, a
procedure, an object method, an object implementation, an
executable application, an applet, a servlet, a source code, an
object code, a shared library/dynamic load library and/or
other sequence of mstructions designed for execution on a
computer system.

Operating Environment

FIGS. 1-3 show one example of an operating environment
applicable to various embodiments of the present invention.
In particular, FIG. 1 shows a computing system 100 that
comprises a plurality of computing nodes 102,104,106, 108.
Each of these computing nodes 102, 104, 106, 108 are com-
municatively coupled to each other via one or more commu-
nication fabrics 110, 112, 114, 116, 118, 120. Communica-
tion fabric includes wired, fiber optic, and wireless
communication connected by one or more switching devices
and port for redirecting data between computing nodes.
Shown on node 108 1s a storage medium 1nterface 140 along
with a computer readable store medium 142 as will be dis-
cussed 1n more detail below. Each node, 1n one embodiment,
comprises a plurality of processors 202, 204, 206, 208, 210,
212, as shown1n F1G. 2. Each of the processors 202, 204, 206,
208, 210, 212 1s communicatively coupled to one or more
higher level caches 214, 216 such as an .4 cache. Each higher
level cache 214, 216 1s communicatively coupled to the com-
munication fabrics 110, 112, 114 associated with that node as
shown in FIG. 1. It should be noted that even though two
higher level caches 214, 216 are shown these two higher level
caches 214, 216, 1n one embodiment, are logically a single
cache.

A set of the processors 202, 204, 206 are communicatively
coupled to one or more physical memories 219, 221, 223 via
a memory port 225, 227, and 229. Each processor 204, 206,
208, 210, 212 comprises one or more mput/output ports 222,
224, 226, 228, 230, 232, 234, 236. One or more of the pro-
cessers 202, 212 also comprise service code ports 238, 240.
Each processor 204, 206, 208, 210, 212, in one embodiment,
also comprises a plurality of processing cores 302, 304, 308
with higher level caches such as L1 and L2 caches, as shown
in FIG. 3. A memory controller 310 1n a processor 202 com-
municates with the memory ports 225, 227, 229 to obtain data
from the physical memories 219, 221, 223. An I/O controller
312 controls sending and recerving on the I/O ports 222, 224,
226, 228, 230, 232, 234, and 236. A processor 202 on a node
102 also comprises at least one L3 EDRAM cache 314 that 1s
controlled by a cache controller 316. In one embodiment, the
[.3 EDRAM cache 314 and the [.4 cache 214, 216 are shared
by all processing cores 1n the system 100.

The L3 EDRAM cache 314, 1in one embodiment, 1s a hier-
archical store-through cache structure. Cache accesses are
executed under the control of a processing pipe. The pipeis a
sequence ol processing steps, one per clock cycle, strung
together one after another. In each step, in the following
called cycle, certain operations are performed e.g. writing
data into the cache memory (store) or reading data from the
cache memory (fetch).

Various embodiments utilize an interleave organization to
segment the L3 EDRAM cache 314. An interleave organiza-
tion refers to partitioning the cache memory 314 1n columns
orthogonal to the cache’s line structure. Thus, each cache line
touches all interleaves. Each interleave 1s separately addres-
sable. A request, which 1s passing through a processing pipe,
starts at one interleave and proceeds to the next interleave the
next cycle until all data has been processed. For example a
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line fetch requests starts with the interleave holding the line
segment, which 1s needed first, and proceeds to the next
interleave until the complete line 1s read. If the cache’s line
has 128 bytes and the data to be transferred to and from the
cache 1n segments of 16 bytes, then each interleave would
store 16 bytes of a cache line beginning with interleave 0 and
line-segment 0. With 8 interleaves, each cache line would
cover all interleaves once, with only 4 interleaves twice.

FIG. 4 shows one example of an interleave structure for the
.3 EDRAM cache 314. In the example of FIG. 4 an inter-
leave/subarray 400 1s an octword (32 bytes) that comprises of
4 double words 402, 404, 406, 408 (8 bytes+8 bits ecc) each.
A double word 1s comprised of 6 macros 410, 412, 414, 418,
420 at 12 bits each. Therefore, a double word, 1n this example,
1s 72 bits (64 bits+an 8 bit check).

Mitigating Busy Time in a High Performance EDRAM
Cache

As discussed above, the long busy times of EDRAM cache
significantly reduces the store throughput of the shared pipe-
line, which negatively impacts system performance. There-
fore, one or more embodiments of the present vention,
which are discussed in greater detail below, modify the L3
shared cache pipeline to increase the store throughput. The L3
shared cache pipeline, 1n one or more embodiments, 1s modi-
fied to support simultaneous processing of two store com-
mands from the lower level caches. This increases the store
throughput while not requiring the full overhead of creating
two logically independent pipelines. It should be noted that
this modification to the processing pipeline 1s transparent, 1.¢.
does not impact behavior, to all other requestors of the shared
pipeline.

In one embodiment, a first pipeline modification 1nvolves
the L3 EDRAM cache directory, which holds the address and
ownership tag information for each line 1 the L3 EDRAM
cache 314, since processing stores simultancously also
involves simultaneous multiple directory look ups. There-
fore, the directory 1s address sliced into two halves, which
allows stores with different values of the address slice bit to

perform look ups at the same time. FIG. 5, for example, shows
one cache array structure 500 for the L3 EDRAM cache 314

where the L3 EDRAM cache directory has been addressed
sliced split into two halves. For example, if the L3 EDRAM
cache 314 1s a 24 MB cache, the cache 314 1s addressed sliced
into two 12 MB slices that are 12-way set associative. FIG. 5
shows that the L3 EDRAM cache 314 has been partitioned
into a first slice 502 and a second slice 504. Each slice 502,
504 comprises eight interleaves 306 to 520 and 522 to 536,
respectively Each slice 502, 504 1s 12 MB, 1n this example,
because each row 1s 4K, each slice 1s 12-way, and the line 1s
256 bytes (4 k rowsx12 wayxl4 (256 bytes)=12 MB. Each
slice also comprises 192 array macros 1n this example. FI1G. 6,
which 1s a more detailed view of the cache controller 316, also
shows that that L3 directory has been split into a first halt 602
and a second half 604.

A second pipeline modification modifies the management
of the EDRAM arrays themselves, to allow a more fine
grained access to theirr component sub-arrays. The EDRAM
sub-arrays shared most control and data buses, but this modi-
fication allows them to be managed independently allowing
stores targeting the different subarrays to overlap. These
modifications allowed the shared cache pipeline to handle
simultaneous stores with the following conditions. A) Since
other requestors are unaware of the pipeline changes, only
stores are allowed to send multiple commands at the same
time. The stores may not be mixed with other commands. B)
The address slicing of the directory means that two stores to
be processed together are to target different address slice bits.
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C) Since the EDRAM subarrays share buses and controls, the
two stores cannot target the same subarray. D) Stores are to be
processed in order, so multiple stores from the same core
cannot be processed together. It should be noted that the
impact of these conditions 1s minimal because the L3 1is
shared by multiple cores. In other words, there 1s typically a
combination of store requests available that meets the condi-
tions.

A more detailed discussion on simultaneously processing
two or more store commands from lower level caches 1s now
given with respect to FIGS. 6-7. FIG. 6, as mentioned above,
shows a more detailed view of the cache controller 316. When
one of the processing cores 302, 304, 306, 308, 1ssues a
request, such as a store request, towards the L3 EDRAM
cache 314 (as shown by box 601) the requests are stored 1n
request registers, 1.e., address registers, normally separately
tfor fetches, stores, and other I/0 requests. FIG. 6 only shows
the registers 606 (store stacks) associated with store requests
for simplicity. Each processing core 302, 304, 306, 308 is
associated with its own register 606. The request registers
compete for L3 EDRAM cache access. The access itself 1s
controlled by a processing pipe (pipeline) 608. Pipecycles are
numbered C0 (not shown), C1, C2, C3,(C4, . . ., etc. CO (not
shown), the first pipe cycle, 1s the priority cycle where the
pipe arbiter selects the request to enter the pipe 608 next.

For example, for performance reasons, fetch requests typi-
cally have higher priority than store requests. Because stores
to the cache first have to read data from the store butier before
actually writing them to the cache, stores typically occur in a
later pipe cycle then fetches. The requests of lower priority,
typically stores, access the cache 1n a later pipe cycle then the
higher priority requests, typically fetches. However, because
of the store requests’ lower priority and the number of store
requests that are usually received, the store requests become
backed up. Therefore, the pipeline 608 comprises at least a
dual pipeline comprising a first pipeline 610 and a second
pipeline 612 at cycles C1, C2, and C3. Each of these pipelines
610, 612 1s communicatively coupled to a respective L3
directory slice 602, 604. For example, FIG. 7 shows that the
pipeline 608 1s partitioned 1nto a first subpipe, subpipe_0 710,
and a second subpipe, subpipe_1 712. Non-store requests are
and store requests can be sent down both subpipes 710, 712,
as will be discussed 1n greater detail below. This allows for the
simultaneous processing the store requests for increasing the
store throughput of the pipeline 608.

As discussed above, clock cycle CO0 1s the priority cycle that
selects which request can access the pipeline 608. Therefore,
during this cycle the store requests 1n the store register 606
enter 1nto store address subpipe selection logic 614, as shown
in FIG. 6. The store address subpipe selection logic 614, 1n
one embodiment, comprises a plurality of MUXs. A {first set
of MUXs 714 selects the requests that enter the first subpipe

610 and a second set of MUXs 716 select the requests that
enter the second subpipe 712.

As the stores 702, 704, 706, 708 enter the store address
subpipe selection logic 614 they enter a first MUX 718 and a
second MUX 720. The first MUX 718 (which 1s 1n the first set
of MUXs 714) and second MUX 720 (which 1s 1n the second
set of MUXs 716) analyze an address bit such as, but not
limited to, address bit 34 (with bit 0 being the most significant
bit 1n an address) of each store that indicates an instruction
type of store command. IT address bit 534 of a store 1s set to O
then the first MUX 718 selects the store for the first subpipe,
subpipe_ 0 710. If the address bit 54 of the store 1s set to 1 then
the second MUX selects the store for second subpipe, sub-
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pipe_1 712. Therelore, only stores with address bit 54 setto O
access subpipe_0 710 and only stores with address bit 54 set
to 1 access subpipe_1 712.

Once the first and second MUXs 718, 720 select their
respective stores these stores are sent to another MUX. For
example, the first MUX 718 sends a selected store to a third
MUX 722 (also part of the first set of MUXs 714) and the
second MUX 720 sends a selected store to a fourth MUX 724
(also part of the second set of MUXs 716). FIG. 7 also shows
a selected non-store request 726 since higher level requests
are also competing for access to the pipeline 608 as well.
These non-stores 726 are sent to the third and fourth 722, 724.
The non-stores 726 are able to access either subpipe_0 710 or
subpipe_1 712.

It should be noted that for every type of command, e.g., a
store command or a fetch command, an address and also some
“command” type information 1s sent down the pipe. With
respect to the address information, non “short store” com-
mands, the address 1s always sent down both subpipes 710,
712, regardless of the subpipe address bit (e.g., address bit
54). Since these commands could be accessing either haltf of
the split directory, the address 1s sent to both directory halves
for the lookup. With respect to “short store” commands, the
address 1s sent down the subpipe that the subpipe address bit
indicates. Therefore, a given store only goes through the third
MUX 722 or the fourth MUX 724, but not both.

With respect to the command information, for non “short
store” commands, the command/mode/key/ . . . etc (non-
address pipe fields) are only sent down “command subpipe 0.”
The L3 cache 314 comprises many pieces of logic that con-
stantly monitor the non-address pipe fields to perform func-
tions based on their values. For example, sending commands
or interrupts to various interfaces, reading data from the
cache, checking the storage access key. These are all opera-
tions “short stores” do not do. Because of this, “short stores”
have fewer total pipe fields. Only sending non *“short stores™
down only one subpipe means these monitoring pieces of
logic only have to monitor one “command subpipe™ instead of
two. Since stores do not require some pipe fields, unnecessary
p1p fields are not duplicated 1in “command subpipe 17, which
saves latches 1n the pipeline. With respect to “short stores”,
the non-address pipe fields are sent only down the “command
subpipe” that their subpipe address selection bit designates.

Returning back to FIG. 7, up until point where the stores
are assigned to a subpipe, the stores have been analyzed and
selected for either access to the first subpipe 710 or the second
subpipe 712. Once the stores are assigned to either subpipe 0
710 or subpipe_1 712, the third and fourth MUXs 722, 724
select which requests are to enter their respective subpipe
710, 712. For example, the third MUX 722 can either select a
store (with address bit 54 set to 0) or a non-store to access
subpipe 0710 while the fourth MUX 724 selects a store (with
address bit 34 setto 1) to access subpipe_1 712 or a non-store
to access subpipe 1 712. If the third MUX 722 or the fourth
MUX 724 select a non-store then a store 1s not able to be
selected for the other subpipe.

However, in order to process two stores simultaneously, 1.e.
a store 1n subpipe_0 710 and a store 1n subpipe_1 712, the
store address subpipe selection logic 614 determines if the
stores can physically be processed simultaneously with other.
For example, stores can be simultaneously processed 11 they
target different address slice bits and do not target the same
cache subarray. It should be noted that 1n order for stores to be
processed simultaneously, they are “short stores™, 1.e., stores
that store either 1 DW, 2 DW (1 QW), 3 DW, or 4 DW (1
Octword). IT a short store (a store targeting up to 1 quadword
of an octword) 1s 1n one of the subpipes the other subpipe
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needs to either be empty or contain another short store target-
ing up to the opposite quadword of the octword. In other
words, both stores cannot be targeting the same half of the
split directory, as distinguished by address bit 54. Stated
differently, two stores cannot be storing to the same “quad-

word half” of data. “Short” stores can store 1 DW, 2 DW (1
QW), 3 DW or 4 DW (10 W) total of data. Any of the 16
possible combinations of doublewords to store to 1s allowed.

For example, store_a to DW0 & DWl+store_b to DW2 &
DW3 1sallowed; store_ato DWO0+store b to DW3 1s allowed;
while store a to entire octword+store b to entire octword 1s
not allowed; and store_a to DWO04+store_ b to DW1 1s not
allowed.

Theretfore, the store address subpipe selection logic 614
determines the destination targeted by the stores to determine
whether two stores can be simultaneously processed together.
In one embodiment, the targeted destination of a store can be
determined based on how 1ts address 59 bit1s masked. In other

words, address bit 59 indicates the doubleword (DW) write
vector or the quadword (QW) write vector targeted by the
store. For example, the stores, 1n one embodiment, comprise
4 bits that can be expanded out 1nto a vector that identifies
which doubleword or quadword the given store 1s targeting,
within the opword. For example, the processing cores 302,
304, 306, 308 can send a store request comprising a mask that
indicates that data 1s to be written to doubleword 0 and
doubleword_3 of a given opword. In other words, address bit
59 of each store request indicates the destination being tar-
geted.

For example, 11 a store 1s targeting a doubleword store then
its DW write vector 1s identified to determine the DW(s) being
targeted. When either the third or fourth MUX 722, 724 want
to select a quadword store to enter its subpipe 1t can only do so
if the other MUX has selected a quadword store that 1s tar-
geting the opposite quadword. For example, because of how
the L3 EDRAM cache 314 is interleaved (e.g., 32 bytes in one
example) the cache can handle 2 stores (16 bytes each) at once
if there 1s a store targeting the opposite quadword. Theretore,
i’ after analyzing the QW write vector of a first store to be
processed 1n subpipe_0 710 the third MUX 722 determines
that the first store 1s targeting quadword_0 then to simulta-
neously process another store in subpipe_1 712 a second store
needs to target quardword_1. This also applies to stores tar-
geting speciiic doublewords as well.

Once the store address subpipe selection logic 614 selects
a set of stores (short stores) to be processed simultaneously
they are sent down their respective subpipes and access their
respect cache directory 602, 604 at clock cycle C1, as shown
in FIG. 6. For example, as can be seen from FIG. 6 (and FIG.
7), a first store accesses the first cache directory 602 via
subpipe_0 610 and a second store accesses the second cache
directory 604 via subpipe 1 612. Conventional processing
can then be performed for each separate store 1n the first
subpipe 610 and the second subpipe 612. For example, FIG.
6 shows that each subpipe 1s communicatively coupled to a
separate set of conventional components 618, 620 for each of
the stores 1n the first subpipe 610 and the second subpipe 710
to be processed at each of the clock cycles C2 and C3. Each of
the stores from the plurality of pipelines finishes their pro-
cessing in clock cycle C4 via a conventional set of processing
components 620.

As can be seen from the above discussion the modified L3
shared cache pipeline supports simultaneous processing of
two or more store commands from the lower level caches.
This increases the store throughput while not requiring the
tull overhead of creating two logically independent pipelines.
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As will be appreciated by one skilled in the art, aspects of
the present invention may be embodied as a system, method,
or computer program product. Accordingly, aspects of the
present invention may take the form of an entirely hardware
embodiment, an entirely software embodiment (including
firmware, resident software, micro-code, etc.) or an embodi-
ment combining software and hardware aspects that may all
generally be referred to herein as a “circuit,” “module™ or
“system.” Furthermore, aspects of the present invention may
take the form of a computer program product embodied in one
or more computer readable medium(s) having computer read-
able program code embodied thereon.

Any combination of one or more computer readable medi-
um(s) may be utilized. The computer readable medium may
be a computer readable signal medium or a computer read-
able storage medium. A computer readable storage medium
may be, for example, but not limited to, an electronic, mag-
netic, optical, electromagnetic, infrared, or semiconductor
system, apparatus, or device, or any suitable combination of
the foregoing. More specific examples (a non-exhaustive list)
of the computer readable storage medium would include the
following: an electrical connection having one or more wires,
a portable computer diskette, a hard disk, a random access
memory (RAM), a read-only memory (ROM), an erasable
programmable read-only memory (EPROM or Flash
memory), an optical fiber, a portable compact disc read-only
memory (CD-ROM), an optical storage device, a magnetic
storage device, or any suitable combination of the foregoing.
In the context of this document, a computer readable storage
medium may be any tangible medium that can contain, or
store a program for use by or 1n connection with an instruction
execution system, apparatus, or device.

A computer readable signal medium may include a propa-
gated data signal with computer readable program code
embodied therein, for example, in baseband or as part of a
carrier wave. Such a propagated signal may take any of a
variety of forms, including, but not limited to, electro-mag-
netic, optical, or any suitable combination thereof. A com-
puter readable signal medium may be any computer readable
medium that 1s not a computer readable storage medium and
that can communicate, propagate, or transport a program for
use by or 1n connection with an 1nstruction execution system,
apparatus, or device.

Program code embodied on a computer readable medium
may be transmitted using any appropriate medium, including
but not limited to wireless, wireline, optical fiber cable, RF,
etc., or any suitable combination of the foregoing.

Computer program code for carrying out operations for
aspects of the present invention may be written 1n any com-
bination of one or more programming languages, including
an object oriented programming language such as Java,
Smalltalk, C++ or the like and conventional procedural pro-
gramming languages, such as the “C” programming language
or similar programming languages. The program code may
execute entirely on the user’s computer, partly on the user’s
computer, as a stand-alone soitware package, partly on the
user’s computer and partly on a remote computer or entirely
on the remote computer or server. In the latter scenario, the
remote computer may be connected to the user’s computer
through any type of network, including a local area network
(LAN) or a wide area network (WAN), or the connection may
be made to an external computer (for example, through the
Internet using an Internet Service Provider).

Aspects of the present invention are described below with
reference to flowchart illustrations and/or block diagrams of
methods, apparatus (systems) and computer program prod-
ucts according to embodiments of the mvention. It will be
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understood that each block of the tlowchart i1llustrations and/
or block diagrams, and combinations of blocks 1n the tlow-
chart illustrations and/or block diagrams, can be imple-
mented by computer program instructions. These computer
program 1nstructions may be provided to a processor of a
general purpose computer, special purpose computer, or other
programmable data processing apparatus to produce a
machine, such that the instructions, which execute via the
processor of the computer or other programmable data pro-
cessing apparatus, create means for implementing the func-
tions/acts specified in the flowchart and/or block diagram
block or blocks.

These computer program instructions may also be stored in
a computer readable medium that can direct a computer, other
programmable data processing apparatus, or other devices to
function 1n a particular manner, such that the instructions
stored 1n the computer readable medium produce an article of
manufacture including instructions which implement the
function/act specified 1n the tlowchart and/or block diagram
block or blocks.

The computer program instructions may also be loaded
onto a computer, other programmable data processing appa-
ratus, or other devices to cause a series of operational steps to
be performed on the computer, other programmable appara-
tus or other devices to produce a computer implemented
process such that the instructions which execute on the com-
puter or other programmable apparatus provide processes for
implementing the functions/acts specified in the flowchart
and/or block diagram block or blocks.

Operational Flow Diagrams

Referring now to FIG. 8, the flowchart and block diagrams
in the Figures illustrate the architecture, functionality, and
operation of possible implementations of systems, methods,
and computer program products according to various
embodiments of the present invention. In this regard, each
block in the flowchart or block diagrams may represent a
module, segment, or portion of code, which comprises one or
more executable mstructions for implementing the specified
logical function(s). It should also be noted that, in some
alternative implementations, the functions noted in the block
may occur out of the order noted 1n the figures. For example,
two blocks shown 1n succession may, in fact, be executed
substantially concurrently, or the blocks may sometimes be
executed 1n the reverse order, depending upon the function-
ality mvolved. It will also be noted that each block of the
block diagrams and/or flowchart illustration, and combina-
tions of blocks 1n the block diagrams and/or flowchart illus-
tration, can be implemented by special purpose hardware-
based systems that perform the specified functions or acts, or
combinations ol special purpose hardware and computer
instructions.

FIG. 8 1s an operational flow diagram illustrating one
example of mitigating busy time inan .3 EDRAM cache. The
operational flow diagram of FIG. 8 begins at step 802 and
flows directly to step 804. The cache controller 316, at step
804, receives a set of store requests. The cache controller 316,
at step 806, analyzes, for each store request, address bit 54.
The cache controller 316, at step 808, assigns the current store
request to either a first subpipe 710 or a second subpipe 712
based on the address bit 54 that has been analyzed. The cache
controller 316, at step 810, determines i1 the other subpipe
(e.g., the subpipe not assigned to the current store request) 1s
empty. If the result of this determination 1s positive, the cache
controller 316, at step 812, selects the current store request to
access 1ts assigned subpipe. The cache controller 316, at step
814, processes the store request 1n its assigned subpipe. The
control tflow then exits at step 816.
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If the result of the determination at step 10 1s negative, the
cache controller 316, at step 818, determines 1 the other
subpipe comprises a non-store. If the result of this determi-
nation 1s positive, the cache controller 316, at step 820, deter-
mines that the current store request cannot be selected to
access 1ts assigned subpipe. The control flow then exits at step
822. I the result of the determination at step 818 1s negative,
the cache controller 316, at step 823, analyzes the DW write
vector of the current store request to determine the portion of
the opword that 1s being targeted by the store. The cache
controller 316, at step 826, determines 1f the current store
request 1s an octword store request. If the result of this deter-
mination 1s positive, the cache controller 316, at step 828,
determines that the current store request cannot be selected to
access 1ts assigned subpipe. The control flow then exits at step
830. I the result of this determination 1s negative, the cache
controller 316, at step 832, determines 11 the store request 1n
the other subpipe targets an opposite destination of the
opword. If the result of this determination i1s negative, the
cache controller 316, at step 834, determines that the current
store request cannot be selected to access 1ts assigned sub-
pipe. The control tlow then exits at step 836. If the determi-
nationis positive, the cache controller 316, at step 838, selects
the current store request to access 1ts assigned subpipe. The
cache controller 316, at step 840, simultaneously processes
the store requests 1n both subpipes. The control flow then exits
at step 842.

Non-Limiting Examples

Although specific embodiments of the invention have been
disclosed, those having ordinary skill in the art will under-
stand that changes can be made to the specific embodiments
without departing from the spirit and scope of the invention.
The scope of the invention 1s not to be restricted, therefore, to
the specific embodiments, and it 1s intended that the appended
claims cover any and all such applications, modifications, and
embodiments within the scope of the present invention.

Although various example embodiments of the present
invention have been discussed 1n the context of a fully func-
tional computer system, those of ordinary skill 1n the art wall
appreciate that various embodiments are capable of being
distributed as a computer readable storage medium or a pro-
gram product via CD or DVD, e.g. CD, CD-ROM, or other
form of recordable media, and/or according to alternative
embodiments via any type of electronic transmission mecha-
nism.

What 1s claimed 1s:

1. An information processing device for mitigating busy
time 1n a hierarchical store-through memory cache structure,
the information processing device comprising:

a plurality of processing cores;

at least one memory cache communicatively coupled to the
plurality of processing cores; at least one cache directory
associated with the at least one memory cache, wherein
the at least one cache directory comprises a plurality of
portions each associated with a portion of the at least one
memory cache;

a shared cache pipeline communicatively coupled to the
plurality of portions of the cache directory, wherein the
shared cache pipeline comprises at least one pipeline
partitioned nto a first subpipe and at least a second
subpipe; and

at least one cache controller communicatively coupled to
the at least one memory cache and the plurality of pro-
cessing cores, wherein the at least one cache controller 1s
configured to perform a method comprising:
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determining that at least two or more store requests
satisty a set of conditions to be processed simulta-
neously, wherein a store request comprises a set of
store information comprised of at least a store
address;
performing, 1n the shared cache pipeline and based on
the determining, simultancous cache lookup opera-
tions between the plurality of portions of the cache
directory, wherein the performing comprises simulta-
neously performing
a first cache lookup operation on a first of the plurality
of portions based on a first set of store information
within the first subpipe, wherein the first set of store
information 1s associated with a first of the two or
more store requests, and
at least a second cache lookup operation on at least a
second of the plurality of portions based on at least
a second set of store information within the second
subpipe wherein the at least second set of store
information 1s associated with at least a second of
the two or more store requests; and
performing a first write operation based on the first
cache lookup and at least a second write operation
based on the second cache lookup.

2. The mformation processing device of claim 1, wherein
the memory cache 1s an embedded dynamic random access
memory (EDRAM) cache, and wherein the processing fur-
ther comprises:

analyzing a set of address masks associated with each of

the two or more store requests;

assigning the first set of store information to the first sub-

pipe 1n the shared cache pipeline based on the set of
address masks that have been analyzed for the first set of
store information; and

assigning the second set of store information to the second

subpipe 1n the shared cache pipeline based on the set of
address masks that have been analyzed for the second set
of store information.

3. The mformation processing device of claim 2, wherein
the memory cache 1s an embedded dynamic random access
memory (EDRAM) cache, and wherein the processing fur-
ther comprises:

analyzing a first write vector associated with the first set of

store information;

identifying, based on the first write vector, a {irst portion in

the memory cache targeted by the first set of store infor-
mation;

analyzing a second write vector associated with a second

set of store information;

identifying, based on the second write vector, a second

portion 1n the memory cache targeted by the second set
of store information;

placing the first set of store information 1n the first subpipe

based on the first portion in the memory cache that has
been 1dentified; and

placing the second set of store information 1n the second

subpipe while the first set of store information 1s in the
first subpipe based on the second portion 1n the memory
cache that has been 1dentified.

4. The mformation processing device of claim 3, wherein
the memory cache 1s an embedded dynamic random access
memory (EDRAM) cache, and wherein placing the first set of
store information 1n the first subpipe and placing the second
set of store iformation in the second subpipe further com-
prises:
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determiming that the first portion in the memory cache and
the second portion 1n the memory cache are opposite
portions 1n a subarray of the memory cache.

5. The information processing device of claim 1, wherein

the method further comprises:

determining that the first subpipe of the shared cache pipe-
line comprises a non-store request; and

preventing, based on determining that a first subpipe of the
shared cache pipeline comprises a non-store request, a
set of store information from being placed 1n the second
subpipe of the shared cache pipeline.

6. A computer program product for mitigating busy time in

a hierarchical store-through memory cache structure, the
computer program product comprising:

a non-transitory storage medium readable by a processing,
circuit and storing 1nstructions for execution by the pro-
cessing circult for performing a method comprising:
determining that at least two or more store requests

satisty a set of conditions to be processed simulta-
neously within a shared cache pipeline, wherein a
store request comprises a set ol store mformation
comprised of at least a store address, and wherein the
shared pipeline 1s communicatively coupled to the
plurality of portions of a cache directory associated
with a portion of memory cache, and wherein the
shared cache pipeline comprises at least one pipeline
partitioned 1nto a first subpipe and at least a second
subpipe;
performing, 1n the shared cache pipeline and based on
the determining, simultancous cache lookup opera-
tions between the plurality of portions of the cache
directory, wherein the performing comprises simulta-
neously performing
a first cache lookup operation on a first of the plurality
of portions based on a first set of store information
within the first subpipe, wherein the first set of store
information is associated with a first of the two or
more store requests, and
at least a second cache lookup operation on at least a
second of the plurality of portions based on at least
a second set of store information within the second
subpipe wherein the at least second set of store
information 1s associated with at least a second of
the two or more store requests; and
performing a first write operation based on the first
cache lookup and at least a second write operation
based on the second cache lookup.

7. The computer program product of claim 6, wherein the
memory cache 1s an embedded dynamic random access
memory (EDRAM) cache, and wherein the processing fur-
ther comprises:

analyzing a set of address masks associated with each of
the two or more store requests;

assigning the first set of store imnformation to the first sub-
pipe 1n the shared cache pipeline based on the set of
address masks that have been analyzed for the first set of
store information; and

assigning the second set of store information to the second
subpipe 1n the shared cache pipeline based on the set of
address masks that have been analyzed for the second set
of store information.

8. The computer program product of claim 7, wherein the
memory cache 1s an embedded dynamic random access
memory (EDRAM) cache, and wherein the processing fur-
ther comprises:

analyzing a first write vector associated with the first set of
store information;
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identifying, based on the first write vector, a first portion in
the memory cache targeted by the first set of store infor-
mation;

analyzing a second write vector associated with a second
set of store information;

identifying, based on the second write vector, a second
portion 1n the memory cache targeted by the second set
of store information;

placing the first set of store information 1n the first subpipe
based on the first portion 1n the memory cache that has
been 1dentified; and

placing the second set of store information 1n the second
subpipe while the first set of store information 1s in the
first subpipe based on the second portion 1n the memory
cache that has been 1dentified.

9. The computer program product of claim 8, wherein the
memory cache 1s an embedded dynamic random access
memory (EDRAM) cache, and wherein placing the first set of
store information in the first subpipe and placing the second
set of store mformation i the second subpipe further com-
Prises:

determining that the first portion in the memory cache and
the second portion 1n the memory cache are opposite
portions 1n a subarray of the memory cache.

10. The tangible computer program product of claim 6,

wherein the method further comprises:

determining that the first subpipe of the shared cache pipe-
line comprises a non-store request; and

preventing, based on determining that a first subpipe of the
shared cache pipeline comprises a non-store request, a
set of store information from being placed 1n the second
subpipe of the shared cache pipeline.

11. The computer program product of claim 6, wherein the

method further comprises:
receiving a plurality of store requests comprising the two or
more store requests;
masking a first set of address bits within each of the plu-
rality of store requests, the masking indicating an
instruction type of each of the plurality of store requests;
and
masking a second set of address bits within each of the
plurality of store requests, the masking indicating a por-
tion of memory 1n the memory cache targeted by each of
the plurality of store requests.
12. A computer program product for mitigating busy time
in a hierarchical store-through memory cache structure com-
prising a cache directory associated with a memory cache,
where the cache directory 1s divided into a plurality of por-
tions each associated with a portion of memory cache, the
tangible computer program product comprising:
a non-transitory storage medium readable by a processing
circuit and storing istructions for execution by the pro-
cessing circuit for performing a method comprising:
determining that a first subpipe of a shared cache pipe-
line comprises a non-store request, wherein the
shared pipeline 1s communicatively coupled to the
plurality of portions of the cache directory;

preventing, based on determining that a first subpipe of
the shared cache pipeline comprises a non-store
request, a store command from being placed 1 a
second subpipe of the shared cache pipeline;
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supporting simultanecous cache lookup operations
between the plurality of portions of the cache direc-
tory and cache write operations; and

processing, based on the supporting, two or more store
commands simultaneously in a shared cache pipeline
communicatively coupled to the plurality of portions
of the cache directory.

13. The tangible computer program product of claim 12,
wherein the memory cache 1s an embedded dynamic random
access memory (EDRAM) cache, and wherein the processing
further comprises:

analyzing a set of address masks associated with each of

the two or more store commands;

assigning a first set of store commands of the two or more

store commands to a first subpipe 1n the shared cache
pipeline based on the set of address masks that have been
analyzed for the first set of store commands; and
assigning a second set of store commands of the two or
more store commands to a second subpipe 1n the shared
cache pipeline based on the set of address masks that

have been analyzed for the second set of store com-
mands.

14. The tangible computer program product of claim 13,
wherein the memory cache 1s an embedded dynamic random
access memory (EDRAM) cache, and wherein the processing
further comprises:

analyzing a first write vector associated with a first store

command 1n the first set of store commands;
identifying, based on the first write vector, a first portion in
the memory cache targeted by the first store command,;
analyzing a second write vector associated with a second
store command 1n the second set of store commands;
identitying, based on the second write vector, a second
portion in the memory cache targeted by the second store
command;
placing the first store command 1n the first subpipe based
on first portion in the memory cache that has been 1den-
tified; and

placing the second store command 1n the second subpipe

while the first store 1s 1n the first subpipe based on the
second portion 1n the memory cache that has been 1den-
tified.

15. The tangible computer program product of claim 14,
wherein the memory cache 1s an embedded dynamic random
access memory (EDRAM) cache, and wherein placing the
first store command 1n the first subpipe and placing the second
store command 1n the second subpipe further comprises:

determining that the first portion 1n the memory cache and

the second portion 1n the memory cache are opposite
portions 1n a subarray of the memory cache.

16. The tangible computer program product of claim 12,
wherein the method further comprises:

recerving a plurality of store commands comprising the

two or more store commands;

masking a first set of address bits within each of the plu-

rality of store commands, the masking indicating an
istruction type of each of the plurality of store com-
mands; and

masking a second set of address bits within each of the

plurality of store commands, the masking indicating a
portion of memory in the memory cache targeted by
cach of the plurality of store commands.
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